Human-induced eutrophication has increased offspring production in a population of threespine stickleback Gasterosteus aculeatus in the Baltic Sea. Here, we experimentally investigated the effects of an increased density of juveniles on behaviours that influence survival and dispersal, and, hence, population growth-habitat choice, risk taking, and foraging rate. Juveniles were allowed to choose between two habitats that differed in structural complexity, in the absence and presence of predators and conspecific juveniles. In the absence of predators or conspecifics, juveniles preferred the more complex habitat. The preference was further enhanced in the presence of a natural predator, a perch Perca fluviatilis (behind a transparent Plexiglas wall). However, an increased density of conspecifics relaxed the predator-enhanced preference for the complex habitat and increased the use of the open, more predator-exposed habitat. Foraging rate was reduced under increased perceived predation risk. These results suggest that densitydependent behaviours can cause individuals to choose suboptimal habitats where predation risk is high and foraging rate low. This could contribute to the regulation of population growth in eutrophicated areas where offspring production is high.
Introduction
Individuals are usually forced to balance costs against benefits when choosing a habitat [1, 2] . Structurally complex habitats are often more favourable than open habitats, as they provide more resources and better refuges against predators [3] [4] [5] . However, complex habitats can also be costly if they harbour more predators and competitors than open habitats [6, 7] . In addition, the costs and benefits of choosing a habitat depend on what other individuals in the population are doing [8] [9] [10] . The profitability of a habitat decreases the more individuals that occupy it, because of a reduction in the amount of resources available per individual. As high quality habitats become saturated, more and more individuals are forced to occupy poor-quality habitats [11, 12] . Interactions among individuals will then influence habitat selection, and, thus, density-dependent processes will affect individual fitness and the temporal and spatial distribution of the population.
Human activities are currently altering habitats at an unprecedented rate and scale around the world. The consequences that this will have for the populations that were well adapted to the past conditions are poorly known. An environment that is changing rapidly because of human activities is the Baltic Sea. Increased input of nutrients is enhancing primary production, which is altering habitat structure and water turbidity [13, 14] . This has been found to improve the reproductive success of threespine sticklebacks Gasterosteus aculeatus breeding in shallow coastal areas. Enhanced growth of filamentous algae and phytoplankton reduces visibility, which allows more stickleback males to establish breeding territories within an area [15] [16] [17] and also enhances their hatching success [18] . Males care alone for their offspring, and reduced visibility lowers the risk of predation and reduces intrusions by competing males, which allows males to allocate time from offspring defence to offspring care, that is, to fan more oxygen-rich water into the nest [18] . These positive effects of eutrophication 2 International Journal of Zoology on offspring production could favour population growth [19] . Increased primary production could also have negative effects on population growth by reducing oxygen levels at night time, favouring the growth of toxic algae species, and increasing the sedimentation of dead organic material. However, recent work indicates that stickleback populations in the Baltic Sea are growing [20] .
The ultimate effect of an increased offspring production on population growth depends on offspring survival and dispersal. Interactions among individuals and densitydependent processes are expected to influence these demographic components and, hence, regulate population growth. We investigated if habitat choice, risk taking, and foraging rate of offspring depend on the density of individuals, and, thus, if density-dependent processes could potentially contribute to the regulation of population growth. Threespine sticklebacks migrate in spring from deeper water to shallow coastal waters to breed [21] . The adults die at the end of the breeding season, but the hatched juveniles stay in the shallow waters until late autumn when they migrate to deeper waters (personal observation). The highest mortality occurs in the youngest age classes, as juveniles are highly vulnerable to predation and starvation [22, 23] . Thus, density-dependent juvenile behavior could have profound effects on mortality, fecundity, and dispersal of individuals and, hence, be an important component in the regulation of population growth [24] .
To determine the effect of juvenile density on behaviours that influence population growth-habitat choice, risk taking, and foraging rate-we first allowed juveniles to choose between two habitats differing in structural complexity in the presence and absence of predators and conspecifics. The structural complexity of the habitats of the Baltic Sea is currently changing because of an increased growth of filamentous algae [14] . We then determined if the choice of a habitat influences the activity levels and foraging efficiency of the juveniles.
Materials and Methods
First-generation offspring 0+ from a threespine stickleback population originating from the Baltic Sea close to Tvärminne Zoological station were raised in the laboratory (30 families). The juveniles were housed in mixed families (containing individuals from several families) in large flow through containers that contained both open and vegetated areas, on 6 : 18 light : dark cycle at 12 • C. They were fed with Artemia nauplii and chironomid larvae at least once a day. The juveniles were 5 months old (L S : 3.8 ± 0.4 cm; mean ± SD) when used in the experiment. The predators, perch Perca fluviatilis, were caught from lake Tuusula (close to Helsinki) with a hand trawl and transported to the University of Helsinki. They were kept in large holding tanks at a density of 4 fish/100-litre for a maximum of 4 weeks, at a temperature of 14 • C. They were fed chironomid larvae twice a week.
On the day before the experiment started, the juveniles were transferred from the containers to holding tanks (100 × 40 × 30 cm). The tanks had a temperature of 14 • C and a density of 10 fish/100-litre. At the end of the experiment, the juveniles were returned to the flow through containers, and the perch returned to the lake.
Experiment 1: Habitat Selection.
Juvenile sticklebacks were allowed to choose between two habitats that differed in algae cover, in the presence and absence of a predator (behind a Plexiglas wall) and conspecifics. An aquarium (70 × 40 × 30 cm) was divided into a predator section (70 × 16 cm) and a stickleback section (70 × 24 cm), using a transparent Plexiglas partition ( Figure 1 ). Olfactory contact between the predator and the stickleback sections was allowed through small holes in the partitioning sheet. The bottom was covered with 2 cm of sand. In the stickleback section, an open and a vegetated habitat was created by adding eight bunches of artificial algae to one half of the section (35 × 24 cm) while leaving the other half open (Figure 1 ). Each bunch of algae consisted of 32 thin, green, 20 cm long polypropylene strings. The artificial algae mimicked filamentous algae, and the density represented the density of algae found in nature. Artificial algae was used to ensure that only the structural complexity of the habitat was manipulated and no other potential effects of algae occurred. The temperature of the water was 14 • C.
A stickleback juvenile was placed in a transparent box (19 × 13 × 11 cm) with an open bottom in the middle of the stickleback section. After 10 min of acclimatization, the juvenile was carefully released by lifting the transparent box, without disturbing the water, and its choice of habitat was recorded 15, 30, 60, 120, 180, and 1380 min (23 h) after release. The observations were performed behind a blind with observation holes to minimize disturbances. Each juvenile was exposed to four treatments, in a predetermined order that differed among replicates to prevent an effect of previous experience (all possible orders were used) alone, the presence of a predator, the presence of four conspecific juveniles, and the presence of both a predator and four conspecifics. The four treatments were performed on four consecutive days. The water was changed between treatments to prevent an effect of previous treatments through olfactory cues. The juvenile was marked by cutting the edge of one of the dorsal spines. In total, 28 juveniles were tested.
In the predator treatment, a live perch Perca fluviatilis, 15-17 cm standard length, was placed into the predator section one day before the experiment was performed. Perch is the main predator in the region from which the sticklebacks were caught (personal observation). Live perch predators had to be used, as sticklebacks habituate to model predators. In the high density treatment, four additional juveniles were placed into the aquarium at the same time as the focal juvenile, first enclosed in the transparent box and then released. The total number of juveniles in the vegetated habitat was recorded and divided by five to give the probability of a juvenile choosing the vegetated habitat.
The probability that a juvenile would stay in the vegetated habitat was calculated for each of the four treatments as the percent of the six observations in which the juvenile was observed in the vegetated habitat. For the high-density treatment, the mean of the probabilities of a juvenile staying in the vegetation during the six observations was used. Time did not influence the results as qualitatively similar results were gained when the analyses were restricted to only one or a few time periods, and time was hence not further considered in the analyses.
Experiment 2: Foraging Success and Swimming Activity.
Habitat-dependent foraging success and swimming activity was determined by allowing juveniles to feed for 10 min in one of two habitats, open or vegetated, in the presence or absence of a predator. Using the aquarium described above, a vegetated habitat with the same vegetation density as in experiment 1 was created by adding artificial algae to the sticklebacks section (70 × 24 cm, 16 bunches of artificial algae). The predator section, along the backside of the aquarium (70 × 16 cm), was left open. In the open habitat treatment, no vegetation was added. All aquaria had 2 cm of sand on the bottom. The stickleback section was divided into three equal sized parts by marking two lines on the front side of the aquarium.
The juveniles were food deprived for 1 day prior to the experiment. Ten chironomid larvae were evenly distributed over the bottom, and a juvenile stickleback was placed in a transparent box in the middle of the aquarium. After 10 min of acclimatization, the juvenile was released and observed for 10 min to determine the number of worms eaten and swimming activity, measured as the number of times the fish crossed the lines marked on the frontside. The number of remaining prey was counted at the end of the experiment. The experiment was done in the presence and absence of a perch in the predator section, using a vegetated and an open habitat, with different juveniles for each treatment. Twenty replicates of each treatment were carried out, each time using different fish.
All data were tested for normality and homogeneity of variances, using Wilk-Shapiro and Bartlett's test for equal variances, respectively. Swimming activity, measured as the number of times the fish crossed the two lines, was squareroot transformed before analysis. When assumptions of normality were not met, nonparametric tests were employed. conspecifics influenced habitat selection (repeated measures ANOVA, F 3,25 = 9.57, P < 0.001). To determine which treatments differed from each other, paired comparisons were carried out. These revealed that the presence of a predator increased the use of the vegetated habitat when the juveniles were held singly (paired t-test for control against predator treatment, t 27 = 4.66, P < 0.001) but had no effect on habitat selection when the juveniles were held in a group (paired t-test for conspecifics against predator + conspecifics, t 27 = 0.28, P = 0.79, Figure 2 ). The presence of conspecifics had no effect on habitat selection in the absence of predators (paired t-test for control against conspecifics, t 27 = 0.13, P = 0.90), but conspecifics reduced the use of the vegetated habitat in the presence of predators (paired ttest for predator against predator + conspecifics, t 27 = 4.24, P < 0.001, Figure 2 ).
Results

Foraging Success and Swimming Activity.
Vegetation had no effect on foraging success, measured as the number of chironomid larvae eaten (Mann Whitney U-test, U = 734, N1 = N2 = 40, P = 0.49), but the presence of a predator reduced the number of larvae eaten (U = 590, P = 0.029, Figure 3 ). The juveniles were less active in the vegetation treatment, measured as number of times they crossed the marks on the frontside of the aquarium (twoway ANOVA; F 1,77 = 26.56, P < 0.001, Figure 4 ). There was a nonsignificant tendency for the presence of a predator to reduce swimming activity (F 1,77 = 3.50, P = 0.065, Figure 4 ), independent of habitat structure (F 1,76 = 1.91, P = 0.171).
Discussion
Threespine stickleback juveniles preferred the vegetated habitat over the open habitat in the absence of predators and conspecifics. The strength of the preference increased when a juvenile was exposed to a predator behind a Plexiglas wall. This was probably because the vegetated habitat offered better shelter against the predator than the open habitat. A preference for structurally more complex habitats in the face International Journal of Zoology of predation is common among fishes, as high structural complexity usually impairs the ability of predators to detect or catch prey [1, 25, 26] . However, increased structural complexity also hinders the detection of predators and can increase their density. Thus, prey has to carefully balance the costs and benefits of staying in each habitat [4, 27] . The preference of the stickleback juveniles for the more complex habitat appears beneficial, as the main predators of sticklebacks in the investigated area are perch and terns, Sterna hirundo and S. paradisaea (personal observation), which are visual predators. Perch are efficient piscivores in open areas [28] , while birds detect and catch sticklebacks more easily when vegetation is missing or sparse (personal observation). Interestingly, the predator-induced preference for the more complex habitat was density dependent. An increased density of juveniles reduced the use of the refuge during the predator exposure. The juveniles could have been forced to leave the refuge because of interindividual interactions, or, alternatively, benefitted from leaving the refuge because of the perception of less resources being available per individual in the refuge (food or space, although no food was provided), or a lower per capita mortality risk of venturing out of the refuge when density was higher also outside the refuge. Independent of which scenario, or scenarios, is true, the increased use of the open habitats is expected to increase predation rate on the population. The second experiment on foraging rate and activity found juveniles to reduce their foraging rate when exposed to predators, and they tended to be less active. This suggests that juveniles have to trade foraging for predator avoidance. In the field, juveniles may be forced to use the water column above the vegetation or migrate to areas with sparser vegetation when the density of juveniles increases. This could increase mortality or reduce fecundity, which could contribute to the regulation of the size of the population [29] . Thus, an increased use of predatorexposed areas under high offspring densities could offset the present increase in the reproductive output of the population [15, 18] . However, investigations in the field or under more natural conditions are needed to confirm this.
An increased offspring production because of eutrophication [18] combined with an increased mortality of juveniles because of density-dependent processes could have evolutionary consequences. The strength of natural selection could increase and compensate for a recorded relaxation of sexual selection in eutrophied areas. Reduced visibility due to increased growth of algae has been found to relax sexual selection in sticklebacks by hampering careful mate choice and allowing dishonest sexual signalling [30] [31] [32] . As sexual selection is an important evolutionary force that can improve the genetic quality of a population and accelerate adaptation [33] , relaxed sexual selection could have negative consequences for population fitness [34] [35] [36] [37] [38] . Thus, an increased strength of viability selection when offspring production increases could compensate for relaxed sexual selection. This could accelerate genetic adaptation to the eutrophied conditions.
To determine if density-dependent habitat choice of sticklebacks does regulate population growth under eutrophied conditions, field experiments and monitoring are needed. Moreover, the question of the relative strength of sexual selection, and other components of natural selection in shaping populations during environmental change would deserve more attention [39] . The ability of populations to adapt to changed conditions, such as eutrophication, depends ultimately on genetic changes, which relies on the operation of natural selection. A challenge of future work is to consider the many different factors and pathways that influence population size and viability in changing environments.
experimental procedures comply with the laws of the country in which they were performed. They were approved by the Animal Care Committee of the University of Helsinki (no. 133-05).
